Red1, Hop1 and Mek1 are three yeast meiosisspecific chromosomal proteins that uphold the interhomolog (IH) bias of meiotic recombination. Mek1 is also an effector protein kinase in a checkpoint that responds to aberrant DNA and/or axis structure. The activation of Mek1 requires Red1-dependent Hop1-Thr(T)318 phosphorylation, which is mediated by Mec1 and Tel1, the yeast homologs of the mammalian DNA damage sensor kinases ATR and ATM. As the ectopic expression of Mek1-glutathione S-transferase (GST) was shown to promote IH recombination in the absence of Mec1/Tel1-dependent checkpoint function, it was proposed that Mek1 might play dual roles during meiosis by directly phosphorylating targets that are involved in the recombination checkpoint. Here, we report that Mek1 has a positive feedback activity in the stabilization of Mec1/Tel1-mediated Hop1-T318 phosphorylation against the dephosphorylation mediated by protein phosphatase 4. Our results also reveal that GST-Mek1 or Mek1-GST further increases Hop1-T318 phosphorylation. This positive feedback function of Mek1 is independent of Mek1's kinase activity, but dependent on Mek1's forkheadassociated (FHA) domain and its arginine 51 residue. Arginine 51 directly mediates the interaction of Mek1-FHA and phosphorylated Hop1-T318. We suggest that the Hop1-Mek1 interaction is similar to the Rad53-Dun1 signaling pathway, which is mediated through the interaction of phosphorylated Rad53 and Dun1-FHA.
INTRODUCTION
In most sexually reproducing organisms, programmed DNA double-strand breaks (DSBs) are necessary for generating crossovers (COs) between homologous chromosomes to ensure accurate segregation during the first meiotic division (1) . In contrast, the recombinationmediated repair of DSBs uses the sister templates during mitosis (2) . Thus, a unique aspect of meiotic recombination is the choice between three recombination templates (two homologs and one sister chromatid) to repair a DSB. In Saccharomyces cerevisiae, the formation of DSBs requires the evolutionarily conserved transesterase Spo11 and several accessory factors (1) . These DSBs are resected by the Mre11-Rad50-Xrs2 (MRX) nuclease complex, Sae2 and Exo1 nuclease ensemble to generate 3 0 -single-strand DNA (ssDNA) tails that invade the intact DNA duplexes used in DNA repair (3) (4) (5) . Overhangs of 3 0 -ssDNA are initially bound by replication protein A (RPA) and then replaced by RecA-like strand exchange proteins, Rad51 and Dmc1 (6) . The resulting nucleoprotein filaments mediate the search for homology and catalyze DNA strand exchange to form joint molecule intermediates. Dmc1 and Rad51 have overlapping but also non-redundant functions in promoting recombination during meiosis (7) . Eventually, the DSBs are repaired, resulting in COs, with the exchange of chromosome arms or non-COs (NCOs). Three meiosis-specific proteins, Mek1, Hop1 and Red1, act positively to promote interhomolog (IH) recombination (8) (9) (10) and negatively to slow the rate of intersister recombination (11) . The faster rate of intersister repair is mediated by sister chromatin cohesion (Rec8), while Red1/Hop1/ Mek1 counteracts this effect, thereby ensuring IH bias (12) .
Mek1 is a protein kinase, whereas Red1 and Hop1 are structural components of the axial elements of the *To whom correspondence should be addressed. Tel: +886 2 27899188; Fax: +886 2 27826508; Email: tfwang@gate.sinica.edu.tw synaptonemal complex (SC). The SC is a zipper-like proteinaceous structure that mediates chromosome synapsis during the late prophase stage known as pachytene. The SC consists of a central region and two dense lateral elements. The lateral element constitutes the rod-like homolog axis, which is called an axial element prior to synapsis (13) (14) (15) (16) (17) . The central region of the SC is made up of Zip1 (18) . In response to DSBs, Red1 associates with SUMO polymeric chains (19) and the 9-1-1 complex (Ddc1-Mec3-Rad17) (20) to activate Mec1 and Tel1, the yeast homologs of the mammalian DNA damage sensor kinases ATM and ATR. These two kinases preferentially phosphorylate their substrates at serine (S) and threonine (T) residues that precede glutamine residues, so-called SQ/TQ motifs. Many known targets of the ATM/ATR family proteins contain the SQ/TQ cluster domains (SCDs). For example, Mec1 and Tel1 phosphorylate Hop1 at multiple SQ/TQ motifs within its N-terminal SCD (amino acid residues 298-319), in which the phosphorylation of T318 affects Hop1 activities most profoundly (21) . Hop1-T318 phosphorylation is required for the activation of Mek1 and its recruitment to chromosomes (21) , consistent with previous reports that Mek1 activation requires both Red1 and Hop1 (8, 9) . Mec1 and Tel1 also phosphorylate SQ and TQ sites in several other phosphoproteins during meiosis, including Sae2, histone H2A at S129 (i.e. g-H2A), RPA, Rad53 and Zip1 (22) (23) (24) (25) (26) . The Mec1-dependent phosphorylation of the Zip1 protein at S75 dynamically destabilizes homology-independent centromere pairing in response to DSBs (26) . Protein phosphatase 4 (PP4) is responsible for the dephosphorylation of several Mec1/Tel1-dependent phosphoproteins during meiosis, as persistent hyperphosphorylation occurs in the absence of Pph3 and Psy2 (26) . Pph3 and Psy2 are the catalytic subunit and the coactivator of PP4, respectively (27, 28) . Finally, the presence of aberrant DNA structures or incomplete synapsis activates a Mec1/Tel1-dependent recombination checkpoint that leads to the inhibition of Ndt80, a transcription factor required for the exit from pachytene (29, 30) .
Mek1 phosphorylates multiple targets in meiosis, including Rad54 at T132 (31) , and histone H3 at T11 (32) . Rad54 is a dsDNA-dependent ATPase that is required for Rad51 recombinase activity (33) . The mek1D mutant generates very few viable spores. However, a rad54 T132A allele that substitutes T132 with alanine (A) displayed no apparent defect in spore viability. Phosphorylated Rad54 might act synergistically with the meiosis-specific protein Hed1 to suppress the recombinase activity of Rad51 (31) . Alternatively, Rad54 phosphorylation may have little effect on preventing intersister recombination or another protein Tid1/Rdh54 can substitute Rad54 and use Dmc1 for IH recombination (34, 35) . The role of H3-T11 phosphorylation is still unclear. It was also suggested that Mek1 might directly phosphorylate targets that are involved in establishing IH bias (10) . Mek1 activation can be artificially maintained through glutathione S-transferase (GST)-mediated dimerization. Mek1-GST and GST-Mek1 can rescue the spore viability of mek1D but not hop1D or red1D (8,36).
Intriguingly, the ectopic expression of Mek1-GST in wild-type cells results in increased IH bias, but the extraneous IH events are preferentially repaired as NCOs rather than COs. In contrast, Mek1-GST promotes both IH bias and CO formation in the absence of RAD17-and PCH2-dependent checkpoint functions (36) . Rad17 is a component of the 9-1-1 checkpoint complex (20) . Pch2 is a widely conserved, putative ATPase associated with cellular activities (AAA)-type ATPase with important roles in pachytene checkpoint, normal SC assembly, and the distribution of DSBs and CO events (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) . Recently, Pch2 was shown to physically and functionally interact with Xrs2 (49) and Tel1 (Wang,T.-F., unpublished data). Xrs2 is a member of the MRX complex, which acts at the sites of unprocessed DSBs. It has been suggested that the Pch2-Xrs2 interaction might enable Pch2 to remodel chromosome structures adjacent to DSB sites to promote access by Tel1 and Mec1 kinases for Hop1 phosphorylation (49) . As Mek1-GST is involved in promoting IH bias in the absence of RAD17-and PCH2-dependent checkpoint functions, Mek1 was proposed to phosphorylate proteins that are directly involved in the recombination checkpoint (36) . In this report, we further explored the roles of Mek1, GST-Mek1 and Mek1-GST in regulating the recombination checkpoint. Our data support an alternative model in which Mek1 provides positive feedback in the stabilization of Mec1/ Tel1-mediated Hop1-T318 phosphorylation.
MATERIALS AND METHODS

Antisera
Guinea pig antisera against phosphorylated Zip1-S75 were raised using a synthetic phosphopeptide (C
65
KKLITSMSLS
[P] QRNHGYS 82 ) as an antigen. Rabbit antisera against phosphorylated Rad54-T132 and phosphorylated Hop1-T318 were raised using the synthetic phosphopeptides (T   126   LRRSFT [P] VPIKGYV 139 and S 311 QASIQPT [P] QFVSNN 324 ) as antigens, respectively. The antisera were pre-cleared by affinity chromatography using the corresponding non-phosphorylated peptides coupled to agarose beads. Phosphopeptide synthesis and animal immunization were conducted by LTK BioLaboratories, Taiwan. Anti-phospho-Histone 2A (H2A)-S129 antiserum (50) was from Millipore, Billerica, MA, USA. Anti-GST antibody was from Genescript, NJ, USA. Anti-YFP (or anti-GFP) antibody was from Clontech, CA, USA.
Yeast strains, sporulation and western blot analysis
All meiotic experiments were performed using diploid cells from the SK1 strain background. Western blot analyses were performed as previously described (19, 51) . Spore viability was determined by tetrad dissection.
1-NM-PP1 was added into sporulating cell culture to inhibit GST-Mek1-as kinase activity.
Quantitative western blot analyses
Yeast total protein extracts were prepared by trichloroacetic acid precipitation as previously described (51) . Western blots were developed using the ChemiLucent ECL Detection System (Millipore) and imaged by exposure to X-ray film. The relative intensities of protein bands of interest from X-ray films were obtained with a Biospectrum 600 imaging system (UVP, Upland, CA, USA) containing an OptiCam 600 camera (Canon, Japan). For quantification, protein bands were plotted on a bar graph using VisionWorksLS Image Acquisition and Analysis Software (UVP). The intensities of phosphorylated Hop1-T318 proteins (72-95 kDa) and of the loading control (Hsp104) were acquired from X-ray films by subtracting an equally sized background, respectively. For normalization, intensity of phosphorylated Hop1-T318 protein was divided by that of the loading control at the indicated time point. To reduce the quantitative variations resulting from different X-ray film exposure time, the protein samples with the strongest phosphorylated Hop1-T318 signals were collected from different cultures and simultaneously compared in a separate western blot.
RESULTS
Validation of antisera against phosphorylated Hop1-T318, Zip1-S75 and Rad54-T132 proteins Phosphorylated peptides were synthesized and used to generate antisera specific to phosphorylated Hop1-T318, Zip1-S75 and Rad54-T132 proteins (see 'Materials and Methods' section). Synchronous meiosis was induced in wild-type and mutant strains. Following transfer to sporulation medium, meiotic cells were harvested at the indicated time points, and total cell lysates were prepared (51) . Western blot analyses were performed to validate these antisera. As shown in Figure 1A (middle panel), at least two bands (85 kDa) were detected by anti-phospho-Hop1-T318 antibodies in the wild-type lysate, but not in the lysates from strains carrying mutant alleles hop1D or hop1 T318A dmc1D. The hop1
T318A
variant encodes a mutant protein in which the T318 residue of Hop1 has been mutated to alanine (A); this strain produces no viable spores (Table 1 ) (21). The dmc1D mutation results in the accumulation of resected DSBs (or ssDNAs) (53) and phosphorylated Hop1 (21). T318 is not the sole phosphorylation site in Hop1 (21), as shifted bands are still detected by anti-Hop1 antisera in wild type and hop1 T318A dmc1D ( Figure 1A ). Next, we showed that the extent of Hop1-T318 phosphorylation is comparable between wild type and tel1D but reduced in mec1-kd (=kinase dead) sml1D ( Figure 1B ; sml1D suppresses the lethality conferred by mec1D or mec1-kd mutations). Phosphorylated Hop1-T318 is not detected with anti-phospho-Hop1-T318 antisera in the mec1-kd sml1D tel1D triple mutant. Furthermore, shifted Hop1 band is hardly recognized by anti-Hop1 antisera in the mec1-kd sml1D tel1D triple mutant ( Figure 1B) .
The dephosphorylation of Hop1-T318 is mediated by PP4 in meiosis, and the persistent hyperphosphorylation of Hop1-T318 was observed in pph3D ( Figure 1C ). Pph3 is the catalytic subunit of PP4. The pph3D mutant also accumulated higher levels of phosphorylated Zip1; shifted bands were detected with anti-Zip1 antibody ( Figure 1C) . The anti-phospho-Zip1-S75 antibodies were able to detect phosphorylated Zip1-S75 in the wild type but not in the zip1D or the mec1-kd sml1D tel1D triple mutant ( Figure 1D ). These results confirmed that Mec1 and Tel1 mediate Hop1 and Zip1 phosphorylation (21, 26) and that PP4 is responsible for Hop1 and Zip1 dephosphorylation (26) . Finally, the anti-phosphoRad54-T132 antibody specifically recognizes phosphorylated Rad54-T132, as suggested by the absolute dependence of a positive signal in western blotting on the phosphorylation of T132. This band is absent in a strain carrying the rad54 T132A mutation despite normal entry into meiosis, as indicated by timely appearance of SC protein Zip1 ( Figure 1E ).
Mek1 promotes not only Rad54-T132 phosphorylation but also Hop1-T318 phosphorylation
Mek1 mediates Rad54-T132 phosphorylation during meiosis (31) . Phosphorylated Rad54-T132 was detected with anti-phospho-Rad54-T132 antisera in mek1D diploids transformed with either a P MEK1 -MEK1 or P MEK1 -GST-mek1-as expression vector, in which the expression of Mek1 or GST-Mek1-as, respectively, is under the control of the MEK1 gene promoter (P MEK1 ). GST-mek1-as, an analog-sensitive mutant, has the advantage that it can be specifically inhibited by the addition of the purine analog 1-NM-PP1, whereas wild-type GST-Mek1 is unaffected by inhibitor (9, 31) . Quantitative western blot analyses (see 'Materials and Methods' section) showed that Rad54-T132 phosphorylation was negligible in a mek1D strain carrying a mock 2 m vector. Higher steady-state levels of phosphorylated Rad54-T132 were induced by GST-Mek1-as (in the absence of 1-NM-PP1) than by Mek1 in mek1D (Figure 2A and B). Thus, in accordance with the semi-dominance of GST-Mek1 and Mek1-GST, semi-dominance can also be assumed for GST-mek1-as (8, 36) .
Mek1 is a downstream effector of phosphorylated Hop1-T318 (21) . Surprisingly, we observed that Mek1 and GST-Mek1-as enhanced Hop1-T318 phosphorylation but not Zip1-S75 phosphorylation or H2A-S129 phosphorylation in mek1D. Overexpression of GST-Mek1-as in mek1D induced persistent and higher steady-state levels of Hop1-T318 phosphorylation, whereas overexpression of Mek1 in mek1D induced a transient increase of Hop1-T318 phosphorylation (Figure 2A and B). In contrast, the steady-state levels of Zip1-S75 phosphorylation and H2A-S129 phosphorylation were slightly lower in P MEK1 -GST-mek1-as mek1D than in P MEK1 -MEK1 mek1D or in mek1D (Figure 2A and B) . As all these three phosphoproteins are mediated by the Mec1 and Tel1 kinases, it is unlikely that the positive feedback function of GST-Mek1-as or Mek1 on Hop1-T318 phosphorylation is due to increased Mec1 and Tel1 kinase activities.
Since we were unable to generate or acquire antisera that could specifically recognize both phosphorylated and non-phosphorylated Rad54 in yeast total cell lysates, we next constructed yeast strains expressing yellow fluorescent protein (YFP) tagged Rad54 proteins (i.e. Rad54-YFP) (54) to determine whether mek1D mutation would affect steady-state levels of Rad54 as detected by an anti-YFP antibody ( Figure 2E ). Similar to the wild-type strain, the RAD54-YFP strain generates 89% viable spores. The mek1D RAD54-YFP mutant produces 4% viable spores ( Table 1) . The results of quantitative western blot analyses confirm that these two strains display similar levels of Rad54-YFP proteins during meiosis ( Figure 2E and F) .
GST-mediated Mek1 dimerization resulted in enhanced Hop1-T318 phosphorylation GST-Mek1-as is better than Mek1 in enhancing Hop1-T318 and Rad54-T132 phosphorylation. GST artificially enhances dimerization of wild-type Mek1, although the role of dimerization in promoting Hop1-T318 phosphorylation is not yet clear. This possibility that GSTenhanced dimerization was responsible for the increased phosphorylation of Hop1-T318 and Rad54-T132 was addressed by constructing a non-dimerizing gst(nd)-mek1-as allele (8) . The gst(nd)-mek1-as strain, similar to GST-mek1-as (Table 1) , mek1-GST and mek1-gst(nd) (36), produces a large number of viable spores. Quantitative western blot analyses revealed that GSTMek1-as appeared 1 h earlier than GST(nd)-Mek1-as. Moreover, the expression levels of GST-Mek1-as were greater than those of GST(nd)-Mek1-as. We also observed that the GST-mek1-as strain resulted in higher levels of Hop1-T318 phosphorylation and Rad54-T132 phosphorylation compared with the gst(nd)-mek1-as strain ( Figure 2C and D) . As the relative ratios of phosphorylated Rad54-T132 or phosphorylated Hop1-T318 versus GST-Mek1-as were similar to those of phosphorylated Rad54-T132 or phosphorylated Hop1-T318 versus GST(nd)-Mek1-as, we inferred that GSTmediated dimerization was unlikely directly responsible for the enhancement of Hop1-T318 and Rad54-T132 Figure 1 . Validation of antisera against phosphorylated Hop1-T318 (A-C), Zip1-S75 (D) and Rad54-T132 (E). Western blot time course analyses of meiotic cells were performed as described previously (19, 51) . Wild-type and mutant strains at different sporulation time points are indicated. Anti-Hop1, anti-Zip1, anti-phospho-Hop1-T318, anti-phospho-Rad54-T132 and anti-phospho-Zip1-S75 antibodies were used to detect the corresponding proteins. Antibody against Hsp104 was used as a loading control. Molecular weights (in kiloDaltons) are indicated to the left of the blots.
phosphorylation. Rather, GST-Mek1-as is apparently more stable than GST(nd)-Mek1-as.
The protein kinase activity of Mek1 is not required for enhanced Hop1-T318 phosphorylation Next, we confirmed that the protein kinase activities of GST-Mek1-as and Mek1-as are not required for the enhancement of Hop1-T318 phosphorylation. To monitor the Mek1-as protein levels, the mek1D mutant was transformed with a P MEK1 -mek1-as-V5 expression vector. The mek1-as-V5 allele encodes a V5-tagged Mek1-as protein.
An addition of 5 mM 1-NM-PP1 to mek1D P MEK1 -GST-mek1-as ( Figure 3A and B) and mek1D P MEK1 -mek1-as-V5 (Figure 3C and D) meiotic cells greatly diminished Rad54-T132 phosphorylation (31) . In contrast, Hop1-T318 phosphorylation in mek1D P MEK1 -GST-mek1-as ( Figure 3A and B) and mek1D P MEK1 -mek1-as-V5 ( Figure  3C and D) was not affected or was only slightly affected by 1-NM-PP1, respectively. Thus, GST-Mek1-as and Mek1-as may not phosphorylate proteins that are directly involved in the Mec1/Tel1 recombination checkpoint.
Mek1 promotes Hop1-T318 phosphorylation in the presence of unrepaired DSBs
DSBs are more rapidly repaired through intersister recombination in the absence of Mek1 kinase activity (11) . Mec1/Tel1-mediated Hop1 phosphorylation is DSB dependent (8, 21) . Accordingly, the lower Hop1-T318 phosphorylation levels detected in mek1D might simply be a consequence of faster DSB repair. This hypothesis was further examined here by comparing Hop1 and Hop1-T318 phosphorylation in rad51D dmc1D and mek1D rad51D dmc1D. The rad51D dmc1D double mutant persistently accumulates resected DSBs (or ssDNA) and produces markedly fewer CO products than the rad51D or dmc1D single mutants (53) . Contrary to the hypothesis, we observed that the persistent hyperphosphorylation of Hop1-T318 and Hop1 was more profound in the rad51D dmc1D double mutant than in the mek1D rad51D dmc1D triple mutant ( Figure 4A and B) . This demonstrates that the loss of Hop1-T318 phosphorylation in the absence of Mek1 is not due to precocious DSB repair.
To further explore the effect of Mek1 on the overall Mec1 and Tel1 kinase activities in rad51D dmc1D, we examined Zip1-S75 phosphorylation and H2A-S129 phosphorylation by quantitative western blot analyses with anti-phospho-Zip1-S75 and anti-phospho-H2A-S129 antisera. Zip1-S75 phosphorylation was higher in mek1D rad51D dmc1D and lower in the wild-type strain than in rad51D dmc1D ( Figure 4A and C) . In contrast, similar levels of H2A-S129 phosphorylation were detected in these three strains ( Figure 4A and D) . The mek1D mutation is known to alleviate the prophase arrest or delay conferred by dmc1D and/or rad51D mutation (55) . We found that the mek1D dmc1D rad51D triple mutant completed the first meiotic nuclear divisions (MI) faster than the dmc1D rad51D double mutant ( Figure 4E ). Thus, because the steady-state levels of Zip1 proteins were lower in the mek1D dmc1D rad51D triple mutant than in wild type or the dmc1D rad51D double mutant ( Figure 4A , third bottom panel), we inferred that Zip1 proteins might be degraded faster in the mek1D dmc1D rad51D triple mutant. These results indicate that Mek1 does not affect overall Mec1 and Tel1 kinase activities. Mek1 might use a novel mechanism to stabilize Mec1/Tel1-mediated Hop1-T318 phosphorylation.
Hop1-T318 phosphorylation has a critical role in enhancing Mek1-mediated Hop1 phosphorylation
Hop1-T318 phosphorylation is required for both the activation and the chromosomal recruitment of Mek1 (21) . To determine whether Hop1-T318 phosphorylation is also a , the GST-Mek1-as protein failed to rescue the levels of phosphorylated Rad54-T132 ( Figure  5A ) or spore viability (Table 1) . No phosphorylated Hop1-T318 was detected in either strain ( Figure 5A ). GST-Mek1-as did not increase overall 'non-T318' Hop1 phosphorylation or H2A-S129 phosphorylation, as indicated by similar band shifts in hop1 T318A strains carrying GST-mek1-as (2 m) or a mock vector. Although GST-Mek1-as increased Zip1-S75 phosphorylation 1.2-fold, the relative ratios of phosphorylated Zip1-S75 versus total Zip1 were similar in the presence or absence of GST-Mek1-as ( Figure 5C ). These results indicate that GST-Mek1-as unlikely affects overall Mec1 and Tel1 kinase activities and that Hop1-T318 phosphorylation is Arginine 51 of Mek1 is required for the enhancement of Hop1-T318 phosphorylation Several lines of evidence suggest that Hop1 and Mek1 may act similar to the Rad53-Dun1 signaling pathway. Dun1 and Rad53 are part of the DNA damage response during S. cerevisiae vegetative growth. Mec1 and Tel1 first activate Rad53, which in turn activates Dun1 (56, 57) . These two effector kinases, similar to Mek1 (9) (58, 59) . Two evolutionarily conserved positively charged residues (arginine 60 and lysine 100) in the Dun1-FHA domain have been shown to mediate the interaction between Dun1-FHA and diphosphorylated Rad53-SCD1 peptide (60) . A structure-based sequence alignment revealed that arginine (R) 51 in Mek1-FHA is analogous to R60 in Dun1-FHA. A mutation of R51 to ) share four identical amino acid residues (QPTQ) and a phosphorylated threonine. Accordingly, Mek1-R51 and Hop1-T318 phosphorylation may act together to mediate the interaction between Mek1-FHA and the phosphorylated Hop1-SCD. Thus, we inferred that R51 of Mek1 might stabilize Hop1-T318 phosphorylation. Therefore, we examined Rad54-T132 phosphorylation and Hop1-T318 phosphorylation in mek1D diploids transformed with P MEK1 -GST-mek1-as or P MEK1 -GST-mek1
R51A
-as. Overexpression of GST-Mek1-as or GST-Mek1 R51A -as did not significantly alter total Hop1 protein levels ( Figure 5B, second bottom panel) . We found that, unlike GST-Mek1-as, GST-Mek1 R51A -as promoted neither Hop1-T318 and Rad54-T132 phosphorylation ( Figure 5B) nor spore viability (Table 1) . These results support the model in which Mek1-FHA binds to phosphorylated Hop1-T318 and then stabilizes phosphorylated Hop1 against PP4-mediated dephosphorylation. Subsequently, Mek1 or GST-Mek1 is activated to phosphorylate Rad54-T132.
GST-Mek1 specifically enhances Hop1-T318 phosphorylation in pch2D rad17D
Previously, it was reported that the ectopic expression of Mek1-GST results in increased IH bias and CO formation, as well as a delayed MI phenotype, in the pch2D rad17D mutant (36) . Rad17 is a component of the 9-1-1 checkpoint complex that promotes Mec1 kinase activity. Pch2 is a putative AAA-ATPase with important roles in pachytene checkpoint, normal SC assembly, and the distribution of DSBs and CO events (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) . Compared with pch2D, pch2D rad17D exhibited lower levels of phosphorylated Rad54-T132, Hop1-T318, Zip1-S75 and H2A-S129 ( Figure 6 ). Additionally, it has been shown that pch2D rad17D exhibits faster MI progression and lower spore viability than pch2D (36). We further observed markedly higher levels of Hop1-T318 phosphorylation and Rad54-T132 phosphorylation in MEK1-GST pch2D rad17D than in pch2D rad17D. Therefore, the MEK1-GST pch2D rad17D triple mutant is more similar to the pch2D single mutant than to the rad17D pch2D double mutant in terms of higher spore viability and delayed MI phenotypes (36) . Consistently, the steady-state levels of phosphorylated Hop1 in MEK1-GST pch2D rad17D are similar to or slightly lower than those in pch2D rad17D, as revealed by anti-Hop1-T318 antibody and by the shifted bands detected with anti-Hop1 antibody ( Figure 6 ). Due to a delayed MI phenotype (36) , the levels of phosphorylated Rad54-T312 and Hop1-T318 persisted longer in the MEK1-GST pch2D rad17D triple mutant ( Figure 6A) . Notably, MEK1-GST did not significantly increase the maximum steady-state levels of H2A-S129 phosphorylation or Zip1-S75 phosphorylation in pch2D rad17D (Figure 4) . We conclude that MEK1-GST did not increase the overall Mec1 and Tel1 kinase activities in pch2D rad17D, and that the Mek1-GST-dependent stabilization of Hop1-T318 phosphorylation is responsible for the partial rescue of the mek1-GST pch2D rad17D triple mutant.
DISCUSSION
The current manuscript provides new insights into the roles of the chromosome axis-associated kinase Mek1 in regulating IH recombination and checkpoint responses during yeast meiosis. Our results suggest that R51 of Mek1-FHA is critical for recognizing phosphorylated Hop1-T318 to activate Mek1 and that this interaction also stabilizes Hop1-T318 phosphorylation against PP4-dependent dephosphorylation during meiosis. The positive feedback function of Mek1 apparently does not affect Mec1 and Tel1 kinase activities on other substrates (such as Zip1-S75, H2A-S129 or non-T318 Hop1 sites). Our results also indicate that the GST-mediated dimerization may increase the protein stability of the Mek1 protein and thereby indirectly enhance Hop1-T318 phosphorylation. These findings can account for the semi-dominant phenotypes of GST-Mek1 and Mek1-GST (8, 36) , which rescue the spore viability of mek1D in the presence of Red1 and Hop1.
The stabilization of Hop1-T318 phosphorylation by GST-Mek1 also explains why the ectopic expression of Mek1-GST in pch2D rad17D promotes increased IH recombination and recombination checkpoint responses (36) . The pch2D rad17D double mutant progresses more rapidly though MI than does the pch2D single mutant (40) , and MEK1-GST promotes a delayed MI phenotype in pch2D rad17D (36) . Our results indicate that the delayed MI phenotype of the pch2D single mutant and the MEK1-GST pch2D rad17D triple mutants are compatible with sustained elevated levels of phosphorylated Hop1-T318 and phosphorylated Rad54-T132. In contrast, less phosphorylated Hop1-T318 and phosphorylated Rad54-T132 proteins were detected in the pch2D rad17D double mutant, which progresses more rapidly through MI (Figure 6 ). Thus, the sustained elevation of Mek1 kinase activity apparently accounts for the delay in MI progression. It will be interesting to identify the downstream target(s) of Mek1 that are directly responsible for inhibiting cell cycle progression during meiotic prophase.
Our findings support a model in which Mek1 is a meiotic paralog of Dun1 in mediating cellular responses to DNA damage ( Figure 7 ). These two checkpoint effector kinases apparently share similar upstream and downstream signaling mechanisms. The Dun1 signaling cascade involves the Mec1/Tel1-dependent phosphorylation of Rad53-SCD1. The phosphorylated Rad53-SCD1 (at T5 and T8) specifically recognizes Dun1-FHA, leading to the recruitment and activation of Dun1 to sites of DNA damage during DNA replication (56, 59, 60) . One important function of Dun1 is the regulation of cellular dNTP levels (57, (61) (62) (63) . On the other hand, the Mek1 signaling cascade involves the Mec1/Tel1-dependent phosphorylation of the Hop1-SCD (21, 64) . The phosphorylated Hop1-SCD (T318) specifically recognizes Mek1-FHA, leading to the recruitment and activation of Mek1 at the sites of developmentally programmed DSBs during meiotic prophase. The best-known target of Mek1 is Rad54, and Rad54 phosphorylation prevents Rad54 from binding to and activating Rad51 in vitro (31) . Further studies will be conducted to examine whether phosphorylation-dependent inactivation (or degradation) is a general mechanism by which Mek1 regulates its downstream targets at DSB sites and chromosome axes.
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